I. INTRODUCTION
AlN films have promising physical and optical properties, including a high melting temperature (2275 K), high thermal conductivity at room temperature ($3.2 W cm À1 K À1 ), high breakdown dielectric strength, high breakdown voltage, good chemical stability (2500 K), high electrical resistivity (10 13 X cm), and a wide band gap (6.2 eV). 1, 2 Furthermore, AlN exhibits the largest piezoelectric response in the IIInitride material family. 3 Owing to the aforementioned material properties, AlN is suitable for applications in UV-visible detectors and emitters, optoelectronic displays, surface acoustic wave devices, high temperature devices, and dielectric passivation layers. 4 In addition, its ability to form heterostructures with other III-nitrides makes AlN a suitable candidate for the fabrication of Al x Ga y In 1ÀxÀy N 4 based high-performance electronic and optoelectronic devices.
AlN thin films have been deposited using numerous growth techniques under different growth conditions and parameters (growth temperature, pressure, precursors and gases, etc.). While high-temperature (typically above 1100 C) grown epitaxial AlN films are widely used in active electronic and optoelectronic device layers, polycrystalline and amorphous AlN films grown at CMOS-compatible temperatures (lower than 300 C) find potential use as dielectric passivation layers for microelectronic devices. 5 Atomic layer deposition (ALD) is a distinguished and alternative chemical vapor deposition technique to prepare conformal thin film coatings at low temperatures (typically below 300 C). 1 The most important feature of an ALD process is the selflimiting growth behavior due to the self-limiting surface reactions occurring for both precursors in each half-cycle.
The temperature window in which saturation for both precursors are satisfied along with constant growth rate per cycle, is denoted as the ALD window. Recently, we demonstrated the self-limiting growth of AlN thin films at low temperatures by PEALD where trimethylaluminum (TMA) and NH 3 precursors were introduced to the substrate alternately. Following the establishment of the self-limiting window, AlN films were deposited at various temperatures keeping the purging time, TMA pulse time, NH 3 flow rate, and NH 3 exposure time the same. 6 In this work we explore the influence of the growth temperatures on the optical properties of AlN films grown by plasma-enhanced ALD. Although PEALD-grown AlN films formed at different substrate temperatures (100-500 C) have been studied by several groups, 7-9 the correlation between substrate temperature and optical material properties is not well understood at present. When AlN was deposited in the self-limiting growth window (ALD window), the growth rate per cycle remained constant at 0.84 Å per cycle for temperatures up to 200 C, and then increased with temperature. 10 Temperature dependency of the deposition rate observed at higher temperatures (>200 C) can be attributed to TMA decomposition (complete TMA decomposition occurs above 300 C). 11
II. EXPERIMENT
AlN films were deposited on Si(100), Si(111), quartz, and sapphire substrates using a Cambridge Nanotech Fiji F200 ALD reactor operating under a base pressure of 0.2 Torr and using Ar as the carrier and purging gas. Trimethylaluminum (TMA) and remote rf-plasma enhanced decomposition of ammonia (NH 3 ) has been utilized as MO (metalorganic) and nitrogen precursors, respectively. For all growth experiments, the NH 3 gas flow rate was kept at 50 sccm and the a) Electronic mail: mustafaalevli@marmara.edu.tr b)
Electronic mail: biyikli@unam.bilkent.edu.tr TMA pulse duration was kept at 0.1 s with a purge time of 10 s while the plasma power was maintained at 300 W. The processing parameters are summarized in Table I . To investigate the effect of the growth temperature on the optical properties of AlN films, $100 nm thick AlN layers were deposited at 100, 185, 400, and 500 C.
The AlN layers deposited on Si(100) substrates were analyzed by spectroscopic ellipsometry, Fourier transform infrared spectroscopy (FTIR), and photoluminescence measurements, and AlN layers grown on quartz and sapphire substrates were investigated by optical transmission and IR reflection measurements. The silicon substrates were cleaned by the standard RCA process 12 in order to remove any organic and inorganic surface contamination. Afterwards, the substrates were dipped in HF to remove the native oxide layer, nitrogen-dried, and immediately loaded via a load lock chamber into the reactor.
The crystalline structure of the grown AlN films were studied by grazing incidence x ray diffraction (GIXRD), using a grazing angle of 0.3 . The film thickness and refractive index were analyzed using a J.A.Woollam spectroscopic ellipsometer with a xenon light source. The ellipsometric data (W(65, 70, 75), D) within the spectral range of 300-1000 nm together with the Cauchy model for a multilayer stack were used to estimate the thickness of the AlN films. The growth rate per cycle was calculated by dividing the film thickness by the total number of ALD cycles. Room temperature transmission measurements were performed with a UV-visible-near infrared spectrometer (Cary Varian 100 UV-VIS spectrometer), which consists of a built-in phase-sensitive detection and signal processing unit for the appropriate wavelength regions. Infrared measurements in reflection geometry were carried out using an FTIR spectrometer (Bruker Vertex 70) with a mirror optics microscope (hyperion microscope) and a liquid nitrogen cooled mercury cadmium telluride detector. Room-temperature FTIR spectra were taken over the frequency range of 400-7500 cm À1 (25-1.33 lm) with a spectral resolution of 4 cm À1 . All IR reflection spectra were taken under a normal incident light arrangement in order to minimize anisotropy effects. A gold mirror on glass was used as the reference sample for the normalization procedure. The photoluminescence (PL) measurements were carried out using a Cary eclipse flourescence spectrophotometer (VARIAN) employing a photomultiplier tube and a Xe arc discharge lamp as the excitation light source.
III. RESULTS AND DISCUSSION
A. Film growth and structural properties Figure 1 depicts the dependence of the deposition rate on the substrate temperature and suggests that there are two different temperature regimes where different growth mechanisms control the growth. Growth rate per cycle (GPC) data suggests that below 200 C, the GPC remains almost constant at 0.84 Å where the growth mechanism is controlled by selflimited surface reactions, i.e., incoming precursor molecules can only react with the species bound on the surface and gasphase reactions are eliminated. 5 TMA and NH 3 saturation was observed at 185 C in the "self-limiting ALD window" where the GPC is independent of the growth temperature and precursor dose. Furthermore, in our experiments the saturation of TMA was achieved at much shorter pulse times whereas longer metallic precursor pulse times were used in other ALD-grown AlN experiments. 7, 8 The deposition rate becomes temperature dependent for T g ! 225 C, which might be explained by the partial decomposition of TMA. TMA saturation curves gradually deviated from the self-limiting behavior at $250 C. Further information regarding the behaviors of the TMA precursor and details of self-limiting growth of AlN can be found in the study by Ozgit et al. 6 The GIXRD and transmission electron microscopy (TEM) of AlN films grown at 100, 185, 400, and 500 C, indicate that the layers are composed of a highly polycrystalline hexagonal structure due to the observation of XRD Bragg reflexes of (100), (101), (002), (102), (110), and (103) diffraction planes. Similar GIXRD patterns were obtained for all AlN films deposited at different growth temperatures and AlN films retain their crystalline structure even at growth temperatures as low as 100 C, as shown in Fig. 2 . Analysis of HR-TEM images show that the size of crystalline ordering becomes longer in length and the degree of crystallinity increases with higher growth temperatures. 13 
B. Optical properties
The spectroscopic ellipsometry data were fitted using the Cauchy dispersion model. 4 In the Cauchy model the refractive index, n(k), as a function of the wavelength is given by
where A, B, and C are model parameters. Fitting was done by minimizing the mean square error, by using four fitting parameters. The change in the refractive index and extinction coefficient as a function of growth temperature is shown in Fig. 3(b) . The refractive index value at 632 nm increased from 1.86 at 100 C to 1.94 at 185 C (within the selflimiting growth regime) and further increased to 2.05 for a growth temperature of 500 C, indicating a densification of the AlN layers with increasing growth temperature. Refractive indices ranging from 1.9 to 2.1 have typically been reported for crystalline AlN films in the wavelength range of 300-1000 nm. Single-crystal AlN films grown by MOCVD displayed refractive index values of $2.1 at k ¼ 633 nm. 8 The extinction coefficients are very small (<0.0033) for AlN samples grown at 100, 185, and 400 C, and are in the order of 10 À6 for AlN layers grown at 500 C. The extinction coefficients for AlN films grown at 100 C exhibit considerable deviation and are not congruent with extinction coefficients of films grown at higher temperatures. The variation of the refractive index with growth temperature can be modeled using a Bruggemann effective medium approximation. 14 The fill fraction is as in the following:
f AlN e AlN À e eff e AlN þ 2e eff þ 1 À f AlN ð Þ e air À e eff e air þ 2e eff ¼ 0;
where e AlN , e air ¼ 1, and e eff correspond to the dielectric constants of ideal single-crystal AlN, air, and the experimentally achieved AlN film, respectively, and f AlN is the fill fraction of the AlN component. The fill fraction as a function of growth temperature is shown in Fig. 3(a) which confirms the reduction in optical film density, refractive index and local crystallinity with decreasing growth temperature.
To gain further insight about the film crystallinity and chemical bond structure, FTIR spectrometry measurements were carried out for the AlN films grown on Si(100) and double-side polished c-plane sapphire and are shown Figs. 4(a) and 4(b). For the AlN films grown on Si(100), the reflectance shows a pronounced broad Restrahlen band bracketed by transverse (TO) and longitudinal optical (LO) phonon energies. The reflectance spectra on Si(100) substrates evolve to show one maximum which is most closely associated with E 1 (TO) and A 1 (LO) phonons, respectively. 15 The phonon band maximum position exhibits a slight blue shift with increasing temperature which indicates biaxial compressive strain in AlN films. 16 A large peak centered at 694 and 681 cm À1 was observed for samples grown in the self-limiting growth window at 100 and 185 C, respectively. On the other hand, the peak maximum shifted to $684 cm À1 for samples grown in the temperature-dependent growth regime at 400 and 500 C, respectively. The transfer matrix was used to calculate IR reflectance spectra from the multilayer structures (Air/AlN/sapphire). 17 The phonon contribution arises from lattice vibrations under the propagating electric field of the incident light modeled using a Lorentz oscillator. The frequency dependent complex dielectric function is
where x TO and x LO are the transverse and longitudinal optical phonon frequencies, respectively, C is the broadening constant of the E 1 (TO) phonon, x is the incident light frequency and e 1 is the high frequency dielectric constant. Free carrier effects are neglected since AlN layers are nominally undoped. The optical constants, e 1 , x TO, x TO, and C, for AlN layers were extracted by fitting the experimental IR reflectance data and are listed in Table II . The experimental and modeled IR reflectance spectra for AlN films grown at 400 C are shown in Fig. 5 . The high frequency constant did not vary significantly but remained around 4.84. The frequency of the E 1 (TO) phonon was found to be at 667 cm À1 for samples grown at 500 C. However, the phonon positions shifted to 660 and 653 cm À1 for samples grown at 400 and 185 C, respectively. In literature, it was reported that crystalline AlN exhibits characteristic E 1 (TO) vibration modes at $665 cm À1 for thick polycrystalline AlN layers and at 675-680 cm À1 for highly textured thin films. 18 The characteristic E 1 (TO) phonon mode positions that we observed for all AlN films in the range of 650-670 cm À1 confirms that all AlN films are polycrystalline. For the AlN layer grown at 100 C, only a broad peak instead of a minima is observed, and the E 1 (TO) phonon position could not be extracted. No additional information was obtained in the high wavenumber range above 1200 cm À1 . FTIR spectra for both AlN films on various substrates show no evidence of an A 1 (LO) phonon of AlN at 890 cm À1 .
The optical transmittances of the AlN films grown on a quartz substrate are shown in Fig. 6(a) for the 175-800 nm wavelength range. The onset of the transmission for samples grown within the self-limiting growth regime starts at $188 nm whereas the onset of the transparency for samples grown in the temperature-dependent growth regime redshifted to $197 nm. Absorption bands centered below the optical band gap observed at $250 nm for both AlN films grown in the self-limiting growth regime were associated with the vacancy and impurity related defects O N and V Al . 19 The absorption band for AlN films grown in the temperature-dependent growth regime is observed in between 280 and 320 nm and is attributed to the oxygen related impurities. 20 The spectral absorption was determined as shown in Fig. 6(b) , where the squared absorption coefficient, a 2 , is plotted as a function of wavelength in order to determine the optical band edge energy for deposited AlN films. The optical band edge can be determined by extrapolating the line tangential to the wavelength axis in the a 2 d À2 vs k plot. Here we have expressed the absorption as a 2 d À2 since AlN is known as a direct bandgap material and electronic transitions are allowed between parabolic bands. AlN samples grown in the temperaturedependent growth region have the same optical band edge observed at 5.78 eV, while AlN samples grown at 185 and 100 C show an optical band edge observed at 5.84 and 5.82 eV, respectively. Although there is a shift in the absorption band edge of AlN films grown in the self-limited regime, no significant change in the absorption band edge of AlN films grown in the temperature-dependent regime were observed as shown in Fig. 6(b) .
Room temperature PL spectroscopy measurements were carried out to assess additional information about the optical quality and influence of the crystal defects and impurities on the optical properties of the AlN films. A summary of the PL results for the analyzed samples is presented in Fig. 7 . Due to the technical limitation for our PL setup, the maximum 20, 21 The PL peak around $4.1 eV is detected in all samples and cannot be directly correlated to oxygen and hence, other impurities such as nitrogen vacancies, Al-N antisites, and related complexes might be the origin of these interior band gap transitions. Further investigation is needed to clarify this issue.
IV. CONCLUSIONS
In summary, we have studied the optical properties of PEALD grown crystalline AlN films in two main growth regimes: self-limiting ALD window and temperaturedependent growth temperatures. Compared to previously published results, AlN films grown at very low temperatures showed significantly improved crystalline quality, a higher refractive index, better TO phonon characteristics, and a higher transmittance. The values of the refractive index obtained from spectroscopic ellipsometry reveal crystalline AlN films, which is in good agreement with the obtained E 1 (TO) phonon position and the volume fill fraction in the AlN layers. The refractive index and volume fill fraction data show a strong proportional dependence on growth temperature. FTIR results confirm the presence of strong Al-N bonding in the films. The high frequency dielectric constant, e 1 , in temperature dependent grown AlN films is 4.84, which is close to the reported values for AlN films, 22 however, e 1 is found to be 4 for samples grown in the self-limiting growth window. The phonon position, E 1 (TO), shifts to lower wavenumbers with increasing temperature. The AlN films exhibit an excellent optical transmittance of 95% for visible light, making PEALD grown AlN films promising for optical applications. The pronounced midgap emission between 3.87 and 4.17 eV (at RT) has been identified for AlN films and the PL maximum of AlN films were found to be blue-shifted with increasing growth temperature.
